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A summary of total dose effects observed in advanced Silicon Germanium
(SiGe) Heterojunction Bipolar Transistors (HBTs) is presented in this work. The
principal driving forces behind the increased use of SiGe BiCMOS technology in
space based electronics systems are outlined in the motivation section of Chapter I.
This is followed by a discussion of the strained layer Si/SiGe material structure and
relevant fabrication techniques used in the development of the first generation of
this technology. The scaling trends that have enabled the realization of subsequent
device generations are also described. Finally a comprehensive description of the
device operation is presented, correlating transistor level performance metrics
with physical charge transport mechanisms resulting from the incorporation of
Ge grading in the base.
Chapter II presents an overview radiation physics as it relates to microelectronic
devices. Several sources of radiation are discussed, including the environments
encountered by satellites in different orbital paths around the earth. Radiation
fields are then described in terms of the nature of their particle types, inter-
action with matter, damage nomenclature and the radiation induced effects on
semiconductor material systems.
Proton irradiation experiments to analyze worst case displacement and ioniza-
tion damage is examined in chapter III. A description of the test conditions is first
presented, followed by the experimental results on the observed variation in the
dc and ac transistor performance metrics with incident radiation. The impact of
the collector doping level on the observed degradation levels is also discussed.
In a similar fashion, gamma irradiation experiments to focus on ionization only
effects are presented in chapter IV. The experimental design and dc results are first
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presented, followed by a comparison of degradation under proton irradiation. Ad-
ditional proton dose rate experiments conducted to further investigate observed
differences between proton and gamma results are presented. Additionally, dam-
age factor extractions, geometry considerations and high temperature annealing
effects are discussed.
In chapter V future directions for investigation into the total dose response of
advanced SiGe HBTs is presented. In particular, areas of interest to be addressed
via simulation are outlined. Recommendations are made for other testing that
would contribute vastly to the body of knowledge obtained thus far.
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CHAPTER I
SIGE HBT DEVICE PHYSICS AND FABRICATION
TECHNIQUES
1.1 Introduction
The primary reasons for studying total dose effects in SiGe HBTs are outlined
in this chapter. The relevant economic and technological forces at play are first
outlined in the motivation section. An overview of the Si/SiGe material system
and fabrication techniques are given in the section titled SiGe BiCMOS Technology.
Technology scaling is then addressed via industry examples out of the SiGe BiCMOS
program at IBM Microelectronics. Finally, in the section entitled device operation,
fundamental links are made between the observed performance enhancements
and material structure in the device.
1.2 Motivation
Rapid and unprecedented growth in the global telecommunications market con-
tinues to pervade all aspects of human life today. According to the Technology
Industry Association's 2005 Telecommunications Market Review and Forecast,
worldwide telecommunications revenue totaled 2.1 trillion in 2004, up 9.4 percent
from 2003 with added growth projected for the period 2004-2008 [1]. Broadband
technologies, including DSL, Cable, Satellites, Fixed and Wireless, are at the core
of this expansion.
A key enabler of these broadband technologies are the monolithic integrated
circuits (ICs) tailored for radio-frequency (RF), microwave and millimeter-wave ap-
plications. Among these building blocks are low noise amplifiers (LNA), power
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amplifiers (PA), and voltage controlled oscillators (VCO). The fundamental perfor-
mance metrics of interest for these blocks include low power consumption, high
frequency operation and dynamic range, good linearity and low noise. All of these
circuit level metrics couple to the device level metrics, and as such understanding
these is key to realizing sustained progress in the industry.
One niche market for these ICs is the extra-terrestrial high speed communi-
cation links with satellites in orbit around the earth. Operation in this regime
encompasses the extreme environments of particle radiation and cryogenic tem-
peratures. These radiation fields result from the magnetosphere and proton and
electron belts surrounding the earth. Additionally, solar wind particles trapped in
the earth's magnetic field resulting in the 'van Allen' radiation belt are of particular
concern for these orbital paths [2, 3]. These harsh environments are responsible
for the observed device and circuit performance degradation primarily the result
of three mechanisms, namely: (i) displacement damage (DD) effects (ii) ionization
damage (iii) and single event effects (SEE). Current trends in technology scaling
and advances in fabrication techniques continue to raise questions regarding the
reliability of high-speed circuits in these regimes and requires experimental and
simulation methods to understand the responses and mitigate component vulner-
ability.
Silicon-Germanium (SiGe) BiCMOS technology represents the first successful
attempt at bandgap engineering in silicon. The end result is a technology that
demonstrates performance levels comparable to materials in the exotic III-V world
while leveraging an invaluable synergy with traditional low-cost, high yield Si CMOS
manufacturing [4]. SiGe BiCMOS technology continues to remain a formidable con-
tender for space-based communications applications based on its robust tolerance
to high levels of TID and DD effects [5]. The technology is however somewhat less
robust to SEE, and wide variety of circuit architectures have been implemented
to address "hardening by design" concepts [6] to enable increased tolerance with
minimal change to fabrication modules.
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The primary goal of this thesis will be to provide insight into the DD and
TID mechanisms present in advanced SiGe HBTs. Proton and gamma irradiation
experiments are used simulate the accumulated dose an electronic part may see in
a given orbital mission. Transistor level dc and ac measurements are employed
to observe the induced effects. Special consideration is given to novel device
structures, collector doping levels and device geometry, dose rate effects and
high temperature annealing.
1.3 SiGe BiCMOS Technology
Germanium has long been identified as a suitable material for semiconductor de-















[7]. It is no secret
however that silicon is by far cheaper, easier to process, and much more abundant
and hence is at the core of the trillion dollar semiconductor industry. Moreover,
the idea of combining silicon and germanium to leverage desirable electrical char-
acteristics in a bipolar transistor is not new, having been originally proposed by
Shockley back in 1950 [4]. It was not until the 1990's however, that advances in
ultra high vacuum / chemical vapor deposition (UHV=CVD)techniques enabled
the realization of device quality, epitaxial SiGe films at a much lower Dt than was
previously possible with conventional high temperature Si-based epitaxy. This
resulted in films with better dopant confinement and reduced out-diffusion [8].
The functional dependence of dopant diffusion on process temperature and time











































































Si 1.12 1350 480 5.43 2.33 1415
Ge 0.67 3900 1900 5.66 5.32 936
GaAs 1.43 8500 400 5.65 5.31 1238
InP 1.34 4000 100 6.06 4.79 1070













Almost two decades following the realization of device quality SiGe films, process
maturation has resulted in a Silicon-Germanium (SiGe) BiCMOS technology that is
currently in fabrication at over 40 commercial foundries worldwide. The end result
is a technology that demonstrates performance levels comparable to materials in
the exotic III-V world while leveraging an invaluable synergy with traditional low-
cost, high yield Si CMOS manufacturing [4].
1.3.1 Silicon-Germanium Strained Layer Material Structure
In stark contrast to the AlGaAs material system, Si and Ge have quite different
lattice constants which pose signifiant challenges for the fabrication of device











Vegard's rule Equation 4 and has been verified experimentally [10, 11, 12]. The
corresponding lattice constant mismatch f
m
(x) is calculated to be 0:042 for the

























A pictorial representation of the strain inherent to the SiGe layer epitaxially grown
on a Si substrate is illustrated in Figure 1. An additional unstrained Si buffer and
cap (thickness H) layers are inserted below and above the strained SiGe (thickness
6
Figure 1: Conceptual representation of the introduction of strain into SiGe lattice
structure (after [13]).
h) layer respectively. The presence of f
m
(x) between Si and Ge necessarily means
that in order for a contiguous, defect free, device quality film to exist at the
Si=SiGe interface the epitaxial SiGe layer must be biaxially compressed. The
resulting strain energy stored in the system (E
H











=misfit strain; h = epilayer thickness (5)
The inherent strain energy in the system, necessarily constrains the thickness (h)
to which the SiGe epilayer can be grown. Thermodynamic stability theory dictates
that there exist a critical thickness (h
crit
) above which the film is unstable and
can spontaneously relax subsequently leading to defect formation via thermal
processing steps for example. h
crit
strongly depends on the Ge content (x) as
determined by the Matthews and Blakeslee result shown in Equation 6. The effect




























In the above expression b is the magnitude of the Burger's vector,  is the angle
between the Burger's vector and the interface normal to the dislocation line,  is
the angle between the slip plane and the normal vectors to the strained interface,












be sure, the Ge content, plotted in Figure 2 is the average Ge fraction given by
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Figure 2: Equilibrium film critical thickness h
crit
, as a function of Ge content x.









x(z)dz, where x is a function of the vertical depth z into the profile (known
as the Ge grading).
1.3.2 Fabrication Techniques - MBE and UHV/CVD
The realization of device quality films in the Si/SiGe material system are criti-
cally dependant on the presence of a pristine growth interface and precise dopant
control. There are a myriad of fabrication techniques tailored to control the
introduction of dopant atoms into a bulk semiconductor material. Traditional
CMOS processing has relied on furnace doping, diffusion and ion implantation to
selectively introduce impurity crystals into the host lattice structure. These pro-
cesses are highly unsuitable for strained layer film processing since they introduce
defects into the crystal lattice or subject it to additional Dt steps.
Epitaxy has long been employed as a growth technique for stacking crystalline
layers of different crystal orientation yet maintaining a constant lattice constant
at the interface. Dopant species can be selectively introduced as the film is grown,
thereby resulting in increased control over the placement of localized impurity
traps. In its formative years, epitaxial growth was done primarily using chemical
vapor deposition (CVD) techniques. CVD epitaxy, however, is particularly suited
for films in excess of 20m and is typically processed at temperatures in excess
of 1200C [16].
Molecular Beam Epitaxy (MBE) is an older technique developed in the 1960's
as an alternative to CVD epitaxy. MBE is more suitable for SiGe strained layer
growth on account of its lower operating temperatures and capability to produce
reliable thin films. To be sure, MBE reactors typically operate under pressures
of 10
 10
Torr and at temperatures centered at 800C [16]. Typical MBE processes
implement a high vacuum evaporation of constituent precursors and the necessary
dopant to be incorporated into the final film structure. The species are adsorbed
onto the surface and diffuse through until their final energy relegates them to
adopt a compliant position within host crystalline lattice [16]. The low temperature
9
operation of MBE makes it particularly apt for strained layer film processing.
Ultra High Vacuum Chemical Vapor Deposition (UHV/CVD) combines many of
the advantages of MBE with novel cleaning methods not previously realized in
older CVD techniques. The operating temperature of a typical UHV CVD reac-
tor is centered at 500C, substantially lower than any of its predecessors. The
thermodynamic volatility of the strained layer system prescribes that the thermal
budget of subsequent processing be made as conservative as possible. The near
pristine conditions of the UHV setup are the principle driving force behind the
significantly reduced contamination levels along Si/SiGe interfaces. In particular,
the final HF termination step, used to create a hydrophobic surface, eliminated
the need for intermediate cleaning steps during film growth thereby dramatically
reducing contamination levels of trace elements during processing.
UHV/CVD also exhibits remarkable control over the impurity dopant profiles in
the active base region, demonstrating that a variation in the content of gas phase
impurity species with time could be correlated with the spatial concentration of the
given species in the epitaxial film. Growth rate is an important metric of interest
for any epitaxial process. An interesting result of the UHV/CVD process was that
the growth rate of the strained layer film could be modulated by the actual Ge
percentage in the gas phase content [17]. The implications for manufacturing are
positive. It has already been shown that increased Ge percentage bears a positive
correlation with the minimum possible SiGe film thickness [18]. This result,
combined with the UHV/CVD growth characteristics, imply that thinner films can
be grown faster and at a more controlled rate using UHV/CVD. Furthermore, the
precision of the growth system can then be further tailored by adjusting the Ge
percentage content in the film nearing the endpoint of the reaction and using
in-situ measurement techniques to confirm desired film thickness.
10
Figure 3: Representative SIMS profile of a 1
st
-generation technology with scaling




For the purposes of illustrating technology scaling in advanced bipolar processes
industry examples from IBM Microelectronics are used. The teams at IBM Mi-
croelectronics have arguably been the first to realize SiGe HBT devices and their
work enables a comprehensive look at the trends in the scaling of the technology
over more than a decade with four distinct generations in production to date.
The increased switching speed resulting from continued reduction in minimum
CMOS feature size (in keeping with Moore's Law) is matched by corresponding
increases in peak cutoff frequency (f
T
) attained through vertical profile scaling
and increased dopant concentration on the bipolar side. This is illustrated in in
Figure 3 which depicts the representative Secondary Ion Mass Spectroscopy (SIMS)
profile of a 1
st
-generation device. Scaling trends including reduction in the neutral
base width W
B
and increased peak Ge fraction x are also illustrated.
The 1
st
generation SiGe HBTs (IBM 5HP), achieved a peak f
T
of 50GHz, and was
manufactured in a 0.5m CMOS compatible technology with a collector-emitter
breakdown voltage (BV
CEO
) of 3.3V [19]. A representative cross section of this
11
Figure 4: Representative cross-section of a 1
st
-generation SiGe HBT showing
locations prone to radiation induced generation / recombination traps.
technology is illustrated in Figure 4 with the areas prone to radiation induced trap
formation highlighted.
The important characteristics of the device cross section are now described [4].
The device is built on an n+ subcollector (5-10
/sq) on a p  substrate (10-15
-
cm) with a lightly doped epitaxial n type collector. Poly-silicon deep trenches are
used to isolate adjacent devices, and shallow trench oxides are used for internal
isolation. The base is formed through the growth of a composite SiGe epitaxial
layer composed of a Si buffer(10-20nm), a boron doped active layer(70-100nm),
and a final Si cap(10-30nm). Within the base region, there is trapezoidal Ge graded





to reach the subcollector and to reduce collector resistance (R
C
). The emitter is




), and is fully self-aligned to the base using
an emitter base (EB) spacer. A polysilicon extrinsic base and silicided intrinsic
base (5-10
/sq) facilitates transistor contacts to the back end metallization. IBM




, while in the 2
nd
-generation
device (IBM 7HP), lateral and vertical scaling methodologies were employed to

















GHz. This is a record for any Si-based transistor. This unprecedented level of fre-
quency response represents a 67% increase over the previous performance record,
and was fabricated in a 120 nm, 100% Si-compatible technology. The details of
the device design and performance are detailed in [21]. Process windows cur-




both above 300GHz through





of 350/300 GHz has been reported [23]. There is tremendous




design space even as the technology pushes to higher










product well above the 200GHzV "Johnson limit" [24]. In
the 3
rd
-generation SiGe HBT (IBM 8HP), an improvement in peak f
T
, to 200GHz,
was realized only through fundamental changes in the physical structure of the
transistor. Specifically, a reduced thermal cycle, "raised extrinsic base" structure
was implemented using conventional deep and shallow trench isolation (STI), in
addition to an in situ doped polysilicon emitter. The SiGe base region features an
13
Figure 6: Representative cross-section of a 4
th
-generation SiGe HBT showing









-generation SiGe HBT performance Figures of
merit.











(m) 0.42 0.18 0.12 0.12
peak f
T
(GHz) 50 120 207 300
peak f
max
(GHz) 70 100 285 170
BV
CEO
(V) 3.3 2.5 1.7 1.4
unconditionally stable, 25% peak Ge, C-doped profile deposited using UHV/CVD
epitaxial growth techniques as described in [25]. A representative cross section





-generation SiGe HBT devices are illustrated in Table 2.
In the case of the new 4
th
-generation technology (same representative cross-
section as for the 3
rd
-generation technology), performance enhancements were
realized primarily through careful profile optimization and aggressive vertical
scaling of the base and collector regions, resulting in a record emitter-to-collector
transit time (
EC
) of 0.45 psec [21]. The key fabrication parameters that were
adjusted to realize such performance include the base width (W
B
), Ge content, and
















 Eg,Ge(grade)= Eg,Ge(WB)– Eg,Ge(0)
Figure 7: Ge induced band offsets at the EB and CB junctions resulting from a
trapezoidal Ge profile in the p-type SiGe base after [4].
1.5 Device Operation
The fundamental physical mechanisms for the operation of the SiGe HBT are now
presented following the discussion in [4] and references therein.
The inclusion of the graded Ge profile in the boron-doped p-type base of the
SiGe HBT effectively creates a strained lattice structure in the base according to




) as shown in Equation 4. This strain is effec-
tively translated into a Ge induced offset in the bandgap (E
g
) both at the EB
[E
g;Ge




)] junctions of the device as illustrated in
Figure 7. Moreover, since the Ge is graded across the width of the neutral base, the











) resulting in a further acceleration of the
minority carriers in the base, thereby improving the frequency response of the
device. Additionally, [E
g;Ge
(x = 0)] effectively translates into a lower barrier for




), there is exponentially more electron injection, translat-
ing into larger collector current (I
C
), and current gain (), for the same base current
(I
B
). This provides significantly more leverage in circuit design applications over
conventional Si BJTs.






) is obtained using
the Moll-Ross relations [26], valid for low injection, fixed V
BE
, and temperature


























The effects of the Ge induced band-offsets are coupled into this expression
through the intrinsic carrier density (n
2
ib






given in Equation 8 where the position dependant bandgap narrowing factor is








































is the apparent heavy doping bandgap narrowing in the base region, and
E
gbo
is the bandgap of Si under low-doping (i.e. 1.12eV). An additional useful
















































The final expression for J
C
in a SiGe HBT is then given by Equation 11 where
  and   represent the effective density of states ratio (SiGe=Si) and the minority
carrier diffusivity ratio (SiGe=Si) respectively. It can easily be seen that J
C
is
then dominated by the [E
g;Ge
(x = 0)] term in the exponent of the numerator. As
previously stated, this band offset at the EB junction exponentially increases the





is clearly depicted in Figure 8
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Figure 8: Gummel characteristics of a Si BJT and SiGe HBT compared showing
increased I
C
resulting from Ge induced band offsets at the EB junction.
Assuming that the SiGe HBT and Si BJT are similarly constructed, with com-
parable J
B
the enhancement in current gain () at fixed V
BE
is described by
Equation 12. As with J
C
,  exhibits an exponential dependence on E
g;Ge
(x = 0),
but a linear dependance on E
g;Ge
(grade). This implies that a "box" profile is
most suitable to exploit enhancements in . Additionally, since T is incorporated
























To be sure, the Ge profile can be tuned to match other parameters such as the
Early Voltage (V
A




) and cutoff frequency
(f
T
). Using the definition for V
A
outlined in Equation 13 and making the relevant
substitutions according to the Moll-Ross relations in Equation 7 yields the Ge
profile dependent expression for the V
A























































The dynamics of carrier transport, especially as it relates to the high frequency









































Utilizing the expression for n
2
ib
given in Equation 8 and making the relevant
substitutions and simplifications yields the corresponding relationship for a SiGe




































Under the assumptions of constant base doping and bandgap, Equation 15 can








. The resultant Ge








is replaced by a factor
2
 
. The emitter transit time enhancement is

























The implications of the expressions is simply that one can tailor the Ge profile
in the base to optimize different performance Figures merit. Box profiles with
large E
g;Ge
















Advanced SiGe HBT profiles, such as the ones under investigation in this work,
employ trapezoidal profiles in an attempt to achieve simultaneously good  and
J
C;SiGe




. The success of this approach is evidenced in [22]




products well above the Johnson Limit [24].




A substantial body of evidence has been presented in support of the study of
radiation effects in advanced SiGe HBTs. In particular, the increasing value of SiGe
BiCMOS technology to the space communication market has been demonstrated.
The salient features of the SiGe material system have been explored and the path to
realization of device quality films has been tracked. Novel techniques employed to
realize performance enhancements in the technology have been discussed. Finally,
an in depth discussion on the fundamental features of the device operation has
been presented with explicit correlations between the base Ge profile and metrics









RADIATION EFFECTS ON ELECTRONIC DEVICES
2.1 Introduction
This chapter will examine the relevant physical mechanisms behind the interaction
of radiation with matter, and in particular the effect of radiation on semiconductor
material systems. The first section will discuss the radiation environments that
may be encountered by microelectronic circuits. The next section will discuss the
interaction of ionizing radiation with matter. Particular emphasis will be placed on
gamma radiation and heavy charged particles. Specific radiation effects in bipolar
technologies is considered next with examples from the literature. In addition
several of the key features of displacement damage and ionization effects in these
technologies are described.
2.2 Radiation Environments
Microelectronic devices and circuits are routinely used in a variety of radiation
intense environments. Common examples include: (i) a variety of diagnostic
equipment used for radiology in the health sector, (ii) control systems in nuclear
power plants in the energy sector (iii) high energy particle physics experiments,
(iv) the natural environment, (v) semiconductor processing modules such as ion
implantation, plasma deposition and etch and (vi) Extra-terrestrial applications
such as commercial and military satellites in the defense sector. The next two
sections itemize the particles of primary concern in addition to giving additional
insight into the radiation fields comprising the space environment.
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Table 3: Particle masses, charges and radii of interest for radiation effects after
[27].


















The constituent particles that compose the radiation fields previously described
can be classified as either photons, charged particles or neutrons. Photons can
refer to either x- or -rays from the electromagnetic spectrum. Charged particles
include electrons, protons, neutrons, - particles and heavy ions. A summary
of the properties of interest for some particles are illustrated in Table 3. The
exact interaction mechanism between the described particles and the target ma-




), and kinetic energy
(KE
p







) of the target atoms are all critical to the determination of the most
energetically favorable reaction. For example, Photons are capable of interacting
with the material via the photoelectric effect, compton scattering or pair produc-
tion depending on Z
T
and the incident photon energy E
ph
as will be discussed
shortly. Charged particles are able to interact via either rutherford scattering or
nuclear interactions depending on m
p
. Neutron interaction is facilitated via elas-
tic and inelastic scattering as well as transmutation reactions. In general, all the
interaction mechanisms can be classified either as a displacement damage effect
or an ionization effect.
2.2.2 Nomenclature
The technical jargon involved in describing radiation effects on microelectronic
devices is described in this section.
The total number of particles that have crossed a given area is known as the
21
fluence and has units of particles=cm
2
. Quite often, post-radiation measure-
ments on irradiated devices are made at specific fluence levels to characterize the
damage.
The number of particles crossing a given area per unit time is known as the
flux and has units of particles=cm
2
s.
In the case of photons, the ionizing radiation dose that is absorbed is the pri-
mary metric of interest. The primary unit of radiation damage in semiconductors
is the rad (radiation absorbed dose). One rad is defined as 100 ergs per gram of
energy absorbed in the exposed crystal (100rad = 1 Grey (Gy)). Moreover, the rad
is a material dependant unit, and as such it is typical to specify the material under




Displacement damage is often quantified via the nonionizing energy loss rate
(NIEL). NIEL has the same units as the linear energy transfer (LET) and can
also be calculated from first principles based on differential cross sections and













In the above expression, NIEL depends on Avogadro's number, (A), target material




), the recoil energy
(T()) and the percentage of recoil accounted for by displacement (L[T()]) [3].
2.2.3 The Space Environment
The space environment surrounding the earth and encountered by satellites in
orbit, are the primary focus of this section. The sources of particles here are
four-fold: (i) protons and electrons residing in the Van Allen belts, (ii) heavy
ions trapped in the magnetosphere, (iii) protons and heavy ions from cosmic rays
and (iv) protons and heavy ions from solar flares. All of these phenomenon are
intimately dependant on the solar cycle [28]. The radiation belts, encountered by
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Figure 9: Solar wind and radiation belts encompassing the Earth (after [29]).
satellites in orbit around the earth, are illustrated in Figure 9. The Van Allen belts
consist primarily of low energy electrons (a few MeV) and high energy protons
(several hundred MeV) in addition to some heavy ion particles trapped in the
earth's magnetic field [30]. Galactic cosmic rays incorporate a range of elements
with atomic numbers ranging from hydrogen to uranium, typically characterized
via low flux levels and a large distribution of particle energies (a few MeV to several
hundred GeV) [28]. The fractional composition of particles in these rays has been
determined to be 85% protons, 14% alpha particles and 1% heavy ions [31]. In the
case of solar flares, high energy protons (hundreds of MeV) are typically involved.
Solar flares are typically observed during periods of solar maxima [28].
The exact environment encountered by a satellite in orbit depends on many
factors including orbital path or trajectory, solar activity, and mission length. IEEE
Standard 1156.4 is used to classify these orbits as low, medium, geostationary and
highly elliptical earth orbits [2]. In the case of low energy orbits (LEO), orbital paths
take the satellite through the van allen belts several times over a 24 hour period
with an altitude of between 200 and 600km. In the case of highly elliptical orbits,
the altitude is in the range of 30,000km thereby resulting in longer exposures to
cosmic and solar flare environments [28].
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The microelectronic devices and circuits exposed to these environments are
therefore subject to particles and photons across a wide range of energies and
flux. The observed effects on a device and circuit level can be coupled to the
fundamental interaction mechanisms between the semiconductor material and
the incident radiation. These can be classified as either (i) displacement damage
or ionization damage depending on the creation of electron-hole pairs and/or the
displacement of atoms from their lattice site. The displacement damage models
are discussed for both Si and SiGe in the next section.
2.3 Displacement Damage
Particles incident on a semiconductor lattice structure with sufficient mass are
able to displace individual atoms from their lattice sites (depending on energy
and trajectory) generating vacancy-interstitial pair defects. This process is known
as displacement damage, and can occur for protons, neutrons as well as heavy
ions. A vacancy is the absence of an atom from its regular lattice site, whereas
an interstitial is an atom located in an off-grid position from the lattice. These
defects can then be further classified according to their spatial disposition in
the lattice. A vacancy-interstitial pair that is close together is commonly known
as a Freknel   Pair or a close   pair. Two adjacent vacancies are collectively
referred to as a divacancy and in a similar fashion two adjacent interstitials
are referred to as a di   interstitial. Very often, the presence of impurities
(whether intentional or not) can lead to the formation of defect-impurity complexes
such as vacancy   impurity complexes and interstitial   impurity complexes.
Additionally, defects may be either simple (a few atoms displaced together) or
defect clusters (longer chains of disordered atoms). In silicon, high-energy neutron
irradiation can produce defect clusters, whereas low-energy electron, gamma-ray
and proton irradiations can result in simple defects [32]. A typical example of a
simple defect, resulting from displacement damage in a crystal lattice is illustrated
in Figure 10. For space environments, displacement effects are primarily the result
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Figure 10: Displacement effects in a crystal lattice (a) energetic particle creates
interstitial-vacancy pair (b) vacancy pair migrates throughout lattice.
of high-energy protons and electrons. In military and nuclear reactor applications
neutrons are a major concern. The presence of vacancies in the crystal lattice
is effectively translated to energy trap states (E
T



















) level traps are created.
Defects created via displacement can re-order to more stable configurations. In
particular, vacancies can be likened to a hole and are mobile in the lattice at room
temperature, and as a result will migrate to form more-complex defects such as
divacancies and vacancy impurity complexes whose mobility is reduced thereby
making them a more stable long-term defect [28]. All defects in the lattice can
be detected via device level measurements of optical and electrical properties (a
direct result of the E
T
levels). Some of these processes are outlined below and
are covered in more detail in [33] (and references therein) and are illustrated in
Figure 11. Firstly, deep trap levels result in the thermal (Shockley Read Hall)
generation (and recombination) of electron-hole pairs. For generation, a bound-









case of carrier recombination, the exact opposite process occurs when an electron
(in E
C
) and a hole (in E
V
) both come spatially close to the defect site and are both
annihilated at the trap energy, E
T
. In this case, E
T
must be close to the midgap
level to have any appreciable effect [34].
Shallow level traps result in the temporary trapping of carriers at the trap
25
Figure 11: Defects create trap levels in the bandgap that interfere with the
dynamics of charge transport via (a)generation, (b)recombination, (c)trapping,
(d)compensation and (e)tunneling (after [35])
energy, E
T
. The carriers are usually later returned to their band with no long term
recombination taking place.
Trap centers (both deep and shallow) may also result in the compensation of
dopants or impurities in the lattice. This results in a reduction in the equilib-




Defect levels (especially deep levels) can also enable the tunneling of carriers
through potential barriers. This is accomplished through an effective reduction
in the barrier height, and width (when under bias). This can cause an increase in
the tunneling component of reverse-bias currents in pn-junction diodes.
Radiation induced trap centers can serve as scattering centers and result in a
subsequent reduction in carrier mobilities. These effects are amplified at lower
temperatures, and higher doping levels where ionized impurity scattering (which
can be likened to radiation induced trap centers) dominates over traditional lattice
scattering [7].
Depending on the energy level of the trap formed, carrier density, impurity
concentration and temperature any one of the mechanisms described above may
dominate, or they may all act in concert. For simple defects (single interstitials
or vacancies) mobility and activation energy is dependant on the charge state of
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the defect. The charge state of a defect is indicative of the number of electrons






In this section a literature review of defects in Si is presented. The electrical impact
of these defects is a function of the defect trap density N
T
, energy trap level E
T
, and





Transient Spectroscopy (DLTS) is an analytic technique used to characterize energy
trap states via a capacitance transient measurement achieved through applying
a pulsed bias to the sample over a wide temperature range [36]. DLTS has been
successfully employed to identify the dominant radiation defect traps in Si that





the electron and hole capture rates respectively. Experimental studies on both p-
and n-type proton irradiated Si have identified the E
T
= 0:421eV and E
T
= 0:164eV
as the dominant recombination centers for the low- and high-injection regimes
of operation based on calculations of the respective recombination lifetimes [37,
38, 39]. To be sure, there are several challenges associated with the accurate
identification of radiation induced deep level traps in Si including the background
dopant density and the presence of longer cluster type defects that tend to broaden
vacancy peaks [28].
Additionally, Electron Paramagnetic Resonance (EPR) and Localized Vibrational
Mode (LVM) spectroscopy have been successfully employed to characterize the
27
Figure 12: Energy level and structure of intrinsic Si vacancies (after[40]).
energy levels and structures of intrinsic defects in Si [40]. These results are
displayed in Figure 12.
2.3.2 Silicon-Germanium Alloys
Radiation induced defects in SiGe alloys have been studied for both bulk films
[41, 42], as well as strained and relaxed epitaxial layers [43, 44]. Epitaxially grown
SiGe alloys are however, far more important than their bulk counterparts as they
form the key component of many state of the art devices. The material in this
section is therefore devoted to radiation effects in epitaxial SiGe alloys.









performed on high quality films have allowed for the identification
of prominent radiation induced defects [43]. The findings from these studies
indicate that the concentration of defects is inversely proportional to the Ge
fraction, x. Additionally, it was concluded that while the same basic traps are
present, their corresponding trap levels are dependant on x [43]. Work on proton




yield a similar compositional dependency for
the observed defect levels with additional hole traps at the mid gap energy level
(E
G
=2) being identified via DLTS for (x > 0:05) [44]. High temperature annealing of
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the post- radiation film has also been observed to modify the trap characteristics.
Additionally, the stability of hole traps is observed to increase with increasing x.
This is a similar trend to that observed for vacancy defects that become more
stable via association with Ge impurities in a bulk Si film. The main radiation









films are very attractive as a template for mobility enhancement in
Si based devices [45, 46]. 5.4MeV  particle irradiations have been performed




epitaxial films [47]. In agreement with the results




films, a reduction in the trap concentration with




strained layer epitaxial films make up the base region of advanced npn SiGe
HBTs and as such their response to a myriad of particle irradiations has been
extensively studied [48, 49, 51, 5, 52]. The results from these studies bring to





epitaxy. It has been repeatedly shown that dopant de-activation,
trap concentration, and trap levels are functionally inversely proportional to the
Ge fraction, x. One possible explanation of this phenomenon is the reduction in
the creation of primary knock on atoms (PKA's) for increased x [28].
29
Figure 13: Competing mechanisms in photon interactions with matter (after [53]).
2.4 Ionization Damage Mechanisms
Ionization damage in lattice structures results from the creation of a "charged
funnel track" along the path of the incident particles. The passage of ionizing
radiation through matter can be effectively studied by considering both (i) elec-
tromagnetic radiation with photons from  and x-rays and (ii) heavy and light
charged particles such as protons and electrons.
2.4.1 Photon Interaction With Matter
The three primary means of interaction of photons with matter are (i) the pho-
toelectric effect, (ii) compton scattering and (iii) pair production. The interaction
mechanism that dominates is a function of the photon energy (E
ph
) and the atomic
number of target atoms (Z
T
) as illustrated in Figure 13.
2.4.1.1 The Photoelectric Effect
In the regime of photon energies (E
ph
< 0:5MeV) the entire quanta of photon
energy may be absorbed by electrons in the innermost atomic shells (such as the
K-shell). If E
ph











In addition, the residual atom gains recoil energy in order to satisfy the conserva-
tion of momentum and energy. The ionization of the atom depends both on the
atomic number of the target Z
T
and the binding energy of the electron B
e
(shell






= Ry (Z  1)
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(M  shell binding) (22)
The Rydberg constant (Ry) is defined in Equation 23.




















is the spectroscopic Rydberg constant
for infinite mass. Additionally, the total binding energy of the atom can be








At lower values of E
ph
, photoelectrons are emitted in a direction that is perpen-
dicular to the incident photons. As E
ph
is increased the emitted photoelectron
distribution peaks more to a forwardly directed emission.
2.4.1.2 Compton Scattering
In compton scattering, the incident photon (with energy E
ph
) impacts a nearly
free electron (assumed to be at rest). The electron recoils with kinetic energy, T,





Figure 14: Compton scattering of an incident photon by a quasi free electron
(after [27].)










The decrease in the photon energy to E
0
ph
effectively translates into an increase in
wavelength as depicted in Figure 14. Conservation of momentum in the directions





















The difference between the wavelength of the incident photons and scattered


























is the Compton wavelength.
The scattered photon energy (E
ph(out)
) can be expressed in terms of the scat-































. Additionally, the kinetic





































the recoiled electron has its maximum kinetic
energy T
max













are related by the expression in Equation 33.
cot
e





2.4.1.3 Electron-Positron Pair Production




> 1:02MeV it is possible to















In this case the E
ph




). The excess energy here is accounted for in the rest masses of the electron
and positron. In particular, the positron can be considered to be an "anti-electron"
and upon slowing down it will annihilate with an electron releasing more  rays
which will in turn interact with the material via either compton scattering or the
photoelectric effect [54].
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2.4.2 Charged Particle Interaction with Matter
The interaction of charged particles with matter can produce both ionization and
displacement effects as previously mentioned. The effects are realized primarily
through either rutherford scattering, or nuclear interactions.
2.4.2.1 Rutherford Scattering
In 1911, Rutherford was able to derive the correct expressions for the classical
differential cross-section of a charged particle under the influence of a Coulombic
force leading to the discovery of the nucleus [55]. Rutherford's work was the
result of analysis on experimental results from Geiger and Marsden [56, 57] that
showed surprisingly high levels of back-scattered  particles being repelled from
a gold foil target. These results contradicted the then widely accepted Thomson
"plum pudding" model that regarded the  particle as a uniformly distributed
cloud of positive charge.














interaction between the two particles results in a hyperbolic path of approach
for the incident particle as illustrated in Figure 15 [27]. The incident particle is
presumed to have an initial velocity ~u. The principle of energy conservation yields
the collision diameter b shown in Equation 35, and the impact parameter D shown


























The scattering angle is defined as # =    2. The corresponding differential
















































Figure 15: Rutherford scattering resulting from the coulombic interaction between
an incident particle m
i
and target particle M
T
(after [27].)









. The functional form relating the
differential cross section 
R
to the scattering angle #
0









results in a maximized cross section for interaction for low scattering angles.
2.4.2.2 Heavy Particle Interactions
While rutherford scattering applies primarily to charged particles that undergo
elastic scattering, there are several other mechanisms for charged particles to
interact with matter. These include (i) elastic collisions with bound electrons,
(ii) inelastic collisions with bound electrons (iii) elastic collisions with nuclei and
(iii) inelastic collisions with nuclei [27]. Typically particles with low energies
(hundreds of eV) and low masses (such as electrons) are more likely to undergo
elastic collisions (i) and (iii). Inelastic collisions with bound electrons are more
probable for heavy particles such as mesons, protons, deuterons and  particles.
The energy deposited by an energetic particle in the lattice is often charac-
terized by the linear energy transfer (LET) parameter which is simply the energy
deposited per unit length in the material (LET =
dE
dx





also referred to as the stopping power and can be expressed quantummechanically
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The above expression is specifically for the stopping power for a heavy charged
particle in a uniform medium (such as protons in a crystal lattice). The LET
depends therefore on the atomic number of the heavy charged particle (z), speed




















The LET and particle fluence are then used to calculated the rad for heavy ions
and protons as shown in Equation 39 [2].
2.5 Radiation Effects in Bipolar Devices
A discussion of the radiation effects in Si-based bipolar technologies is now pre-
sented. Three primary damage mechanisms have been identified in the literature
[28]. These include increases in the surface recombination velocity s
r
, positive
oxide trapped charge and bulk damage.
The interface traps (D
it
) generate a surface recombination in the base-emitter
and and collector-base depletion regions according to Equation 40 [65]. v
th
is




















demonstrates a slight dependence on particle energy and bias during irradiation.
Increases in s
r
are manifested in a reduction in transistor gain.
Positive oxide trapped charge is one of the fundamental damage mechanisms
in any device that incorporates Si=SiO
2
interfaces. A schematic representation
of the radiation effects in the oxides of MOS devices are illustrated in Figure 16.
Electron hole pairs are generated by ionizing radiation and holes are able to
transport through localized states in the bulk SiO
2
. Additionally, there is deep
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Figure 16: Creation of oxide and interface trap charge in MOS devices (after [58]).
hole trapping at the Si=SiO
2
interface and traps in the bandgap as discussed
in previous sections. The effects of this positive oxide trapped charge include
carrier inversion, gain reduction, increased leakage and decreased breakdown all
demonstrating a strong dependence on the bias during irradiation [28].
Bulk damage is a third mechanism which is primarily realized via displacement
damage as discussed previously. Bulk damage is strongly dependent on particle
energy and is manifested via gain degradation in the device.
2.6 Summary
In this chapter an overview of the radiation effects on semiconductor materials
was presented. Following the introduction, a description of the various radiation
environments of interest was discussed. Particular attention was placed on the
space environments encountered by satellites in orbit. This was followed by
a description of displacement damage effects in Si and SiGe material systems.
Finally, a discussion of ionization effects was presented including photon and




PROTON TOLERANCE OF SIGE HBTS
3.1 Introduction
This chapter presents a comprehensive analysis of the effects of technology scaling
on the proton response of state-of-the art fourth-generation SiGe HBTs manufac-
tured at IBM Microelectronics. The details of the experiment design including
the devices under test, test facilities and methodology, dc and ac results on the
observed response are explored. The results demonstrate that SiGe HBTs exhibit
impressive total dose tolerance, even at unprecedented levels of vertical profile




(6%) is observed in the circuit bias regime, suggesting that SiGe BiCMOS
technology is potentially a formidable contender for high-performance space-
borne applications. Additionally, significant differences in the responses of high-
and low-breakdown transistors are explored. The observed results are explained
in terms of the variation in the collector doping and the resultant differences in
the electric fields present at the CB junction.
3.2 Experiment Design
3.2.1 Test Facilities
Medium energy (63MeV) proton irradiations were performed at the Crocker Nuclear
Laboratory at the University of California at Davis. The dosimetry measurements
were performed using a five-foil secondary emission monitor calibrated against
a Faraday cup. The radiation source (Ta scattering foils) located several meters
upstream of the target established a beam spatial uniformity of about 15% over a
2:0 cm radius circular area. Beam currents from about 20 nA to 100 nA allowed








Figure 17: 28-pin dip packages used to facilitate in-situ measurement of irradiated
samples.
system has been previously described [59, 60], and is accurate to about 10%. At








, the measured equivalent
total ionizing dose was approximately 135 and 6,759 krad(Si), respectively.
3.2.2 Devices Under Test
The devices selected for test will facilitate the comprehensive comparison of the




technology generations. The, 4
th
-generation
350 GHz SiGe HBT (IBM 9T) investigated featured dc test structures of emitter area
(A
E
) of 0:12 2:5m
2
, and was compared to 0.50 m 50 GHz (IBM 5HP), 0.20 m
120 GHz (IBM 7HP), and 0.12 m 200 GHz (IBM 8HP) technology nodes measured
under identical conditions in order to facilitate unambiguous comparisons. In the
case of the 4
th
-generation technology, transistors of varying breakdown voltage
were used to evaluate the impact of the collector doping profile on the measured
proton response. All dc test structures packaged in 28-pin dual in-line ceramic
packages with the emitter, base and collector terminals wire bonded out to external
leads as illustrated in Figure 17. This facilitated easy in-situ measurements at the
incremental proton fluences outlined in the previous section and allows for various
bias configurations during irradiation. A bias configuration with all terminals
grounded was chosen for these irradiations.
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. Wirebonding of ac test structures is not compatible with robust
broadband measurements without careful calibration of losses due to bond-wire
inductance. ac test structures are therefore irradiated passively (with all terminals
floating). Previous investigations have demonstrated that irradiations conducted
with all terminals grounded exhibited similar degradation to the case with all
terminals floating for 1
st
generation devices [61]. Additional work performed
on different biasing schemes (forward active, reverse active) reveals that strong
electric fields present in the device can further degrade the post-radiation device
performance [62]. On-wafer probing of S-parameters is therefore used to charac-
terize the high-frequency device performance. The post-irradiated samples were
characterized at room temperature with an Agilent 4155 Semiconductor Parame-
ter Analyzer (dc) and an Agilent 8510C Vector Network Analyzer (ac) using the
deembedding techniques discussed in [63].
3.3 dc Results
The post-irradiation forward-mode Gummel characteristics on a low breakdown-
voltage transistor (High N
C
) are shown in Figure 18 and clearly depict the charac-






) as a function of
proton fluence. This classical signature of radiation-induced damage in SiGe HBTs
is attributed to radiation-induced G/R trap centers, physically located near the EB
spacer oxide where they are able to perturb the dynamics of charge transport at
the EB junction [64]. Measurements performed at room temperature, approx-
imately six weeks after the exposure yielded a slight decrease in J
B
, indicative
of an underlying "self-annealing" mechanism. This is essentially the result of a
defect-reordering process occurring within hours of the initial radiation burst,
referred to as transient or rapid annealing in the literature [33]. The damage
measured here, six weeks after the initial irradiation, is termed permanent dam-
age. Literature has also shown that a long-term anneal has also been observed
40














































-generation post-radiation Forward-mode Gummel characteristics
showing an increasing G/R J
B
and self-annealing after 6 weeks.














































-generation post-radiation Inverse-mode Gummel characteristics
showing an increasing G/R J
B
and self-annealing after 6 weeks.
41




























β for JC at peak fT
Figure 20: 4
th
-generation post-radiation  characteristics showing a reduction in

peak
, but no change in  at peak f
T
with proton fluence.
resulting in improvements in key device metrics by factors as large as two, for
neutron damage [33].
Similar results obtained for the inverse-mode Gummel characteristics (emitter
and collector terminals swapped) are illustrated in Figure 19. The inverse-mode
gummel degradation is representative of radiation-induced G/R trap centers, this
time located near the shallow trench edges (STI) [64]. In this case, charge transport
dynamics at the CB junction is affected.




) is depicted in Figure 20. A degra-
dation in 
peak
with increasing proton fluence is observed, as would be expected
from the gummel characteristics. This 40% decrease in 
peak
is accompanied by
a shift in the occurence of 
peak
to higher values of J
C
. This is expected since
the excess base current, generated by the G/R traps, is only dominant in the low
injection regime of device operation as the dynamics of carrier interaction with
the trap level is functionally dependant on the carrier density itself [4]. More
importantly, however, there is practically no change (less than 0.3% decrease) in 
at peak f
T








































-generation (high and low N
C
) devices.
switching speed from these devices for circuit applications, the transistors are
often biased at a J
C
that is close to the peak f
T
of the technology. These re-
sults bode well for circuit designers as it implies that  mismatches in transistor
performance resulting from incident radiation is negligible.
Three dc Figures-of-merit were used to compare the proton tolerance across

























-generation SiGe HBTs compared to that found in
the 1
st
- has previously been attributed to a stronger electric field in the EB junction
at the device periphery, which is a direct consequence of both the higher local





-generation devices supporting this claim is evident in Figure 21. These obser-
vations suggest that changes in the device cross section can have an impact in the
observed radiation tolerance of the transistor. An analysis of 
peak
degradation,
shown in Figure 21, reveals that the 4
th










































(high and low N
C
) devices.
similar to that of the 1
st
-generation device, while achieving superior performance
metrics. Again here, changes in the structure, this time to the "raised extrinsic
base structure" result in a change in the proton tolerance of the device. The
forward- and inverse-mode post-radiation I
B
degradation are depicted in Figures
22 and 23 respectively. There are substantial improvements in both the forward-
and inverse-mode post-radiation I
B





-generation SiGe HBTs when compared to their prior technology nodes. As
expected, there was no significant difference between the forward-mode I
B
degra-
dation for high and low breakdown transistors, in the inverse-mode I
B
degradation
however, the low-breakdown device, with its higher N
C
and increased CB electric
fields displayed a notably increased base current leakage.





devices can easily be explained by the "raised extrinsic base" configuration that
results in EB and CB junctions that are physically further removed from the STI
edges. The result is that the radiation induced oxide trapped charge is now further






































(high and low N
C
) devices.
Additionally, the effective trap density D
it
, near both junctions is such that there
is less carrier recombination and hence I
B
is reduced. It should be emphasized
that these improvements are achieved solely through the migration to the new
raised extrinsic base structure and is not the result of any intentional radiation-
hardening processes.
3.4 ac Results
The transistor scattering parameters (S-parameters) for the low-breakdown, high-
performance device (f
T
= 350GHz), were characterized to 45 GHz over a range of
bias currents, each at a constant collector-base voltage V
CB
. This data was then
subsequently de-embedded using standard "open-short" structures to calculate





























) described in [66].
f
T
data points were then obtained using a -20dB/decade slope extrapolation
of h
21
for different proton fluences, as shown in Figure 24 for both pre-radiation






is defined as frequency at
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which the short circuit current gain of the transistor h
21
, becomes unity. f
max
is
determined as the frequency at which the maximum operating power gain G
p;max
,
becomes unity. As evidenced in the Figure, both pre- and post-radiation h
21
data













-generation SiGe HBTs, shown in Figure 26
verify that their ac performance continues to be remarkably tolerant to incident
proton irradiation, even for novel device structures employing both aggressive
vertical scaling and reduced thermal cycle processing. Specifically, in the case of
the 4
th




as depicted in Figure 26.
The dynamic base resistance (r
bb
), was extracted from measured S-parameters
and is shown in Figure 27. A slight increase in r
bb






close to peak f
T
is observed and is consistent with the moderate 6% decrease in
the peak f
max
, previously attributed to displacement effects in the neutral base





are both exhibit significant fluctuation. This can be attributed
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to the fact that small-signal parameter extraction in this lower bias regime may
be less accurate on account of the smaller dynamic range of the VNA and is
therefore considered to be well within the range of measurement error. Finally,
the forward emitter-collector transit time (
EC







-generation SiGe HBTs are illustrated in Figure 28. The vertical
scaling methodologies outlined in [21] enables a further reduction in 
EC
to a
record value of 0.45 psec, as shown in the Figure. More importantly, 
EC
remains








-generation SiGe HBT-generation device. This is in





generation device, an indication that the new raised extrinsic base
structure also affords carrier transit paths that are further removed from areas
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Figure 28: The 
EC









The ever increasing demands placed on device designers to realize transistors
with higher operating frequencies and breakdown voltages, lower off-state leakage,
reduced noise and smaller linewidths results in creative techniques to cater for
certain applications. In this section devices with different N
C
, used to tailor the
breakdown voltage, are investigated.
Depending on the integration schemes, target applications and processing steps
involved a variety of collector doping levels and methods may be chosen. In SiGe
BiCMOS applications, for example, the n
+
sub-collector on a p
 
substrate form the
foundation for the npn transistor. From this base a high temperature epitaxial







. The collector epitaxial layer is contacted to the sub-collector via
an implanted reach-through of sheet resistance near 10   20
m
2
. The high J
C
performance and breakdown voltage of the device can be selectively tuned using
a local collector implant close to the CB junction.
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A closer look at the inverse-mode I
B
degradation of the 4
th
-generation, 350GHz
SiGe HBTs shown in Figure 23 indicates that the low-breakdown transistors (with
their higher N
C
) are slightly more susceptible to proton induced damage at the CB
junction than those with a higher-breakdown (lower N
C
). In the low-breakdown
device N
C
is increased to delay the onset of high injection heterojunction barrier
effects (HBE) and Kirk effect [67]. Typically, this yields an increased collector-
base charge capacitance (C
CB
) and avalanche multiplication (M   1) that results




respectively [4]. However, careful collector profile




[68, 69]. In the case of the devices under study, an increased N
C
translates into a CB junction now pushed physically closer to the STI edge where
the radiation induced G/R trap density is high. The extrinsic transcounductance
(g
m
) of both high- and low-breakdown devices is shown in Figure 29. The onset
of HBE clearly occurs at a much lower I
C
than that of the low-breakdown device,
a consequence of the lower N
C
doping level in the high-breakdown device and
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in both cases, is insensitive to proton radiation, clearly good news from a circuit
perspective.
The impact of irradiation on neutral base recombination (NBR) is shown in
Figure 30 for V
BE
= 0:66V. It is evident that the low-breakdown device, with
its increased N
C
, exhibits a much stronger post-radiation NBR component at low
V
CB






(0) factor. This is the result of
increased recombination of minority and majority carriers in the base. Increased
base-recombination results in an increase in I
B
and reduction in  as observed
in Figure 21. In the case of the high-breakdown device, the post radiation NBR
component is significantly less. Figure 30 also demonstrates that the breakdown
voltage, BV
CEO






(0) = 0) increases with
fluence in the case of the high-breakdown device, but decreases in the case of the
low-breakdown device. The low injection, forced-I
B
output characteristics depicted
in Figure 31 provide additional evidence of this result. The post-radiation out-
put characteristics of the low-breakdown device demonstrate increased avalanche
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Figure 31: Forced I
B








, and , whereas the results for the high-
breakdown device indicate that these effects are not nearly as pronounced, and
BV
CEO
even increases. These results indicate again that strong electric fields, as
reported in [52], this time in the CB junction (on account of high N
C
), negatively
impact the post-radiation device performance.
3.6 Summary
The proton tolerance of 4
th
-generation SiGe HBTs is assessed through critical
analysis of the post-radiation effect on ac and dc Figures-of-merit. Specifically a




(well within the measure-
ment error of the setup) and  at peak f
T
experiences less than 0:3% reduction.
Both forward and inverse I
B





significantly lower than that of previous technology nodes, a testament to inherent
resilience of the raised extrinsic base structure in improving the isolation of the EB
52
and CB junctions from radiation induced traps. Additionally, subtle differences
in the response of 4
th
-generation devices with different collector doping have
been explored. These results clearly indicate that SiGe HBTs continue to maintain
excellent total dose tolerance in the midst of aggressive technology scaling.
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CHAPTER IV
GAMMA AND PROTON DEGRADATION IN SIGE HBTS
4.1 Introduction
In this chapter, results for the ionization damage in 3
rd
generation SiGe HBTs
due to gamma irradiation is presented. The previous chapter demonstrated that
the proton tolerance of the technology was increased using the raised-extrinsic
base structure which effectively resulted in a physical removal of the silicon-oxide
interfaces (EB spacer, STI edge) from the EB and CB junctions respectively. In this





to asses the impact of the device cross section on the ionization only damage
component of the observed total damage. Additionally, comparisons between the
observed proton and gamma tolerance of the 3
rd
generation structures are made.
Anomalous differences observed in these comparisons are paralleled to similar
trends observed in proton irradiations of different dose rates. Finally, additional
consideration is given to damage factor extractions and annealing characteristics.
4.2 Experiment Design
4.2.1 Devices under Test
The devices chosen to assess the impact of technology scaling on gamma-induced
radiation include 2
nd
-generation (120GHz SiGe HBT) (A
E







-generation (200GHz SiGe HBT) (A
E





) samples irradiated simultaneously to facilitate unambiguous com-
parisons. A 200 GHz SiGe HBT (A
E
of 0:12  2:0m
2
) was chosen as the pri-
mary device geometry of interest for comparing proton and gamma radiation
damage. Additionally, devices of varying A
E
were included to examine the geo-








(pre)). Similar sample preparation techniques to those described
in chapter 3 were used.
4.2.2 Test Facilities
Gamma irradiation was performed using a J.L. Shepard Model 81 Co-60 source at
the Goddard Space Flight Center Radiation Effects Facility (GSFC REF). Dose rates
varied from 20.5 to about 29.1 rad(Si)/sec. The dose was uniform to within 10%
across all test samples, as determined using an ion chamber probe. In accordance
with MIL-STD 883 Method 1019.6, a Pb/Al box was used to decrease the flux of
secondary gamma and ensure a monochromatic gamma ray spectrum. All devices
were irradiated with all terminals terminated inside of a black conductive foam
resulting in a floating terminal condition during irradiation. Previous studies
have revealed no significant differences in the response of SiGe HBTs to ionizing
radiation for floating versus grounded pin configurations [61]. Total doses ranged
from 92 krad(Si) to 3,792 krad(Si) and the samples were immediately measured
after reaching the target gamma dose.
4.3 dc Results
Forward and inverse gummel measurements were used to facilitate a quantitative
comparison of the radiation induced damage in 200GHz SiGe HBTs as a function
of both proton and gamma irradiation. In the next sections several issues are
considered including (i) technology scaling, (ii) proton and gamma comparisons,
(iii) dose rate effects, (iv) damage factor extraction and (v) annealing.
4.3.1 Technology Scaling and Gamma Degradation
The forward- and inverse-mode mode Gummel characteristics of the 200GHz
SiGe HBT (0:12  2:0m
2
) are depicted in Figures 32 and 33 as a function of
the cumulative gamma dose up to 3.3Mrad. As has been observed with proton
irradiation, the characteristic increase in the low-injection base current density
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2 ) Forward Mode
200GHz SiGe–HBT
AE = 0.12x2.0µm2







Figure 32: Forward-mode 200GHz SiGe HBT gummel characteristics as a function
of cumulative gamma dose.





























2 ) Inverse Mode
200GHz SiGe–HBT
AE = 0.12x2.0µm2







Figure 33: Inverse-mode 200GHz SiGe HBT gummel characteristics as a function
of cumulative gamma dose.
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) is clearly evident in both plots. As has been well documented in
the literature [64], this phenomenon is the result of radiation-induced generation-
recombination (G/R) traps near the EB spacer (forward-mode) and STI (inverse-
mode) silicon-oxide interface regions. The forward and inverse mode J
B
,




(pre)) are used to
quantify the effects of technology scaling (120GHz and 200GHz SiGe HBTs) on
observed gamma degradation (as was done for protons). The 200GHz SiGe HBT
is shown to have a reduced forward-mode J
B
as depicted in Figure 34. A similar
trend for the proton response was observed, as shown in chapter 3, and has
been attributed to the novel raised extrinsic base structure yielding EB junctions
physically further removed from the EB spacer oxide. Additionally, the 200GHz
SiGe HBTs exhibit a J
B
that has a stronger functional dependence on A
E
than for
the 120GHz devices. In the case of the 200GHz SiGe HBT, the inverse-mode J
B
,
illustrated in Figure 35 is an order of magnitude higher than its forward-mode
counterpart, indicating that gamma radiation results in more damage in the CB
junction for these devices. This is in direct contrast to the 120GHz SiGe HBTs,
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Figure 35: Inverse-mode excess base current density as a function of gamma
dose.
where the damage is comparable at both junctions. This difference between the
inverse mode characteristics of the 120 GHz and 200 GHz devices is qualitatively
consistent with the use of a slightly thicker oxide in the STI region for the 200GHz
transistors. The STI processing conditions (i.e., interfacial properties) was similar
for both technologies [20, 25].
4.3.2 Proton vs. Gamma Comparison
The post-radiation forward and inverse J
B
calculated from in-situ measurements
of both the proton and gamma irradiation experiments are compared in this
section. Ionization damage is a dominant mechanism in both, however protons are
able to generate additional displacement damage. In this section, the comparisons
are facilitated using 200GHz SiGe HBTs of varying A
E
. The forward and inverse
mode results are depicted in Figures 36 and 38.
The forward mode J
B
follows a weak power law dependence when plotted
on a semilog graph as a function of the equivalent cumulative gamma dose. This
is particularly more pronounced for protons than for gamma. It is also observed
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Figure 36: Forward-mode excess base current density for both protons and gamma
irradiation in 200GHz SiGe HBTs plotted as a function of equivalent gamma dose.




























Figure 37: Forward-mode peak current gain degradation for both protons and
gamma irradiation in 200GHz SiGe HBTs plotted as a function of equivalent gamma
dose.
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Figure 38: Inverse-mode excess base current density for both protons and gamma
irradiation in 200GHz SiGe HBTs plotted as a function of equivalent gamma dose.
that the protons show an increased degradation when compared to gamma, as is
expected, especially at the higher dose levels (> 1Mrad). The forward-mode peak
 degradation as a function of cumulative dose is illustrated in Figure 37 and is
consistent with the results depicted in Figure 36, particularly at higher doses.
More importantly, although the inverse mode J
B
exhibits the same functional
form, it is observed that the gamma degradation is consistently at least one order
of magnitude higher than that of the corresponding proton irradiation. This is
a very significant result since it has conventionally been expected that protons,
which are able to cause both displacement and ionization damage would be able
to generate more traps in the bulk region of the device closer to the STI oxides.
This would perturb the transport dynamics near the CB junction of the device and
would be manifested as increased inverse mode J
B
.
It should also be noted that a simple minor error in dosimetry cannot ex-
plain these results, since the observed differences are quite large. Moreover, this
anomalous trend has been observed in multiple samples, and has been previously
demonstrated in experiments performed on 1
st
generation SiGe HBTs for gamma
60
[74] and proton irradiation [64]. This difference between protons and gamma for
forward versus inverse mode is an unexpected result, and has important implica-
tions for radiation hardness assurance. One possible explanation of these results
is that the differences in the dose rates of proton and gamma irradiation domi-
nates the damage mechanism. ELDRS, (Enhanced Low Dose Rate Studies) effects
for ionizing radiation on SiGe HBTs have been very well documented, but such
results have been conventionally obtained in SiGe HBTs using gamma irradiation
[75].
4.4 Dose Rate Effects
4.4.1 Review of Dose Rate Effects for Ionizing Radiation
The increased radiation induced degradation for low-dose-rate ionizing irradi-
ations has been studied extensively. Known as the "Enhanced Low Dose Rate
Sensitivity, this phenomenon was first discovered for bipolar transistors in 1991
by Enlow et al. [76]. In that study, polysilicon and crystalline emitter BJTs under-
went gamma irradiation at dose rates from 1.1rad/s to 300rad/s. The reciprocal
change in current gain,
1
4




was an order of magnitude higher for the 1.1rad/s dose rate. Ad-
ditional work on the ELDRS effect was next performed in 1994 by Fleetwood et
al. [77]. In this effort, MOS capacitors were fabricated in an effort to simulate
the fields near Si=SiO
2
interfaces associated with the EB spacer and STI oxides.
Gamma irradiations at 0V bias and at room temperature yielded significant shifts
in the midgap capacitance-voltage characteristic for the low-dose rate (25 40% for
10rad(SiO
2
)=s) compared to the high-dose rate (10% for 100rad(SiO
2
)=s). It was
inferred that such a shift is the result of an increase in the positive-oxide-trapped
charge (N
ox
), previously determined to be a key damage mechanism [78] as de-
scribed in chapter 2. Additionally, it was inferred that such a shift was enough







Dose rate effects for SiGe HBTs was next performed by Banerjee et al. [75]. In
these studies, devices were exposed to 1.43MeV Cobalt-60 sources up to a cumula-
tive dose of 50krad(Si) at dose rates of 0:1rad(Si)=s and 300rad(Si)=s. The results
from this study indicated that the observed dose rate effects were highly technol-
ogy dependent and varied significantly depending on the regime over which dose
rates were chosen, the technology being irradiated and the source of radiation.
Specifically, it was determined that SiGe HBTs exhibited minimal dose rate depen-
dence over the 0:1rad(Si)=s to 300rad(Si)=s range, especially when compared to
the to the results from Nowlin et al [79]. To be sure some technologies proved
to be sensitive only down to 10rad(SiO
2
)=s [79] while other experiments yielded
dose-rate sensitivities even down to 0:005rad(SiO
2
)=s [80]. Additionally, for SiGe




was observed up to a cumulative dose
of 5krad(Si) for a dose rate of 0:1rad(Si)=s, followed by a subsequent increase
in I
B
for the same dose-rate for total doses in excess of 5krad(Si). The proposed
mechanism for the observed anomalies derived using 2D MEDICI simulations in-
volved the gamma induced annealing of pre-existing radiation traps N
T
from near
midgap, to a more shallow level, thereby resulting in a reduction in the I
B
.
There are still several open issues on the ELDRS topic. Several physical mecha-
nisms have been proposed in attempts to explain the observed effects. Pershenkov
et al. [81] demonstrated that the emitter-base junction bias is extremely influential
in the low-dose rate transistor response. Transistors biased in the forward mode
exhibited an enhancement of the dose rate effect by a factor of 1.5 for npn and
3 for pnp devices for ionizing radiation using Cr/Y and X-ray sources. Another
model involving the interaction of fringing electric fields at the screen oxide was
proposed to account for the experimental observations. The presence of shallow
electron traps in the bulk oxides was proposed as another damage mechanism
by the same group [82] in a study concentrating on MOSFETs. Dose-rate effects
are a logical underlying factor behind the anomalous results observed in the prior
section in which proton and gamma irradiations are observed to have different
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Table 6: Incremental dose rate comparison for the proton and gamma irradiation
of 200GHz SiGe HBTs
Proton Gamma





























Proton Total: 6.73Mrad Gamma Total: 3.36Mrad
effects on the collector-base and emitter-base junctions for forward and inverse
mode. In an effort to investigate this a dose-rate study for proton irradiations
was performed on the 200GHz SiGe HBTs. The results are presented in the next
section.
4.4.2 Proton Dose Rate Effects in SiGe HBTs
As previously discussed, several practical considerations must be made when
performing irradiation experiments. Among these are cost, time, beam current,
dose rate and health physics to name a few. For in-situ measurements it is often
the case that the dose rate in between steps are not identical. Table 6 illustrates
some of the typical dose rates for the proton and gamma studies described thus
far. In the above table the incremental steps for proton irradiation are described in
terms of their equivalent gamma dose determined from dosimetry measurements.
Immediately it is clear that for low cumulative doses (< 100krad(Si)) there are
at least two orders of magnitude difference between the dose rates for proton
( 1:942x10
3
rad(Si)=s) and gamma ( 20rad(Si)=s) irradiation. These results indicate
that it is possible that an underlying dose rate mechanism could be responsible
for the anomalous results observed for gamma irradiation in the inverse mode.
In an effort to further address the observed differences between the proton
and gamma irradiation results a proton dose rate investigation was performed.
200GHz SiGe HBTs of varying A
E
were each irradiated up to a cumulative fluence






























Figure 39: Forward and inverse mode base current density for a 200GHz SiGe
HBT showing proton dose rate effects.
Forward and inverse gummel in-situ measurements were then taken at 50krad,
100krad, 300krad and 1Mrad. The results are displayed in Figures 39-40. The
above Figures indicate that there is indeed increased radiation induced degradation
for lower proton dose rates observed at a V
BE
= 0:75V for a 200GHz SiGe HBT




. This is reminiscent of the ELDRS effect
documented in the literature [76]. It should be noted that at other bias levels,
such a dependence is less obvious as has been previously demonstrated [75].
In Figure 39, the lower dose-rate samples exhibit increased post-radiation base







). These trends are more pronounced as the total





) is plotted in Figure 40 and clearly shows an increased inverse mode J
B
compared to the forward mode. The differences in dose rates are less evident in
this plot.
The degradation from proton dose rate tests is then compared with conven-


































Figure 40: Forward and inverse mode excess base current for a 200GHz SiGe HBT
showing proton dose rate effects.
in Figures 41 and 42 overlayed with the current proton dose rate results. It
is clearly evident that the differences in the proton and gamma irradiation that
were observed in the inverse mode can, to some extent, be reproduced via proton
irradiations of different dose rates. As depicted in Table 6 there are significant dif-
ferences in the dose rates of the proton and gamma samples which may be respon-
sible for some of the observed anomalies. This result suggests that in addition to
competing displacement damage versus ionizing radiation effects, there is also an
underlying dose rate factor involved. The proton dose rate study was performed on











with all devices exhibiting similar trends as depicted in Figure 43. In order to
further address the sensitivity of these 200GHz SiGe HBTs dose rate comparisons
for gamma sources is currently under investigation.
4.5 Damage Factor Extraction
Damage coefficients are often a convenient way to quantify the extent of radia-
tion damage in a material exposed to several different particle types. To be sure,
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Figure 41: Forward mode excess base current for a 200GHz SiGe HBT showing
proton dose rate effects compared to standard proton and gamma irradiations.





























Equivalent Gamma Dose Rate 
300rad(Si)/s
1Krad(Si)/s
Figure 42: Inverse mode excess base current for a 200GHz SiGe HBT showing


































Figure 43: Forward and inverse mode excess base current density as a function
of dose rate for devices of varying emitter areas.
damage coefficients depend on the particle type and energy, material type and
resistivity, impurity species and concentration as well as the injection level, tem-
perature and time after irradiation [35]. In this section we compute the damage
factors for proton and gamma irradiation. Protons can cause both displacement
and ionization damage, as a result of this the reciprocal gain is only linear over a






, is plotted as a function of dose rad(Si) for different J
C
. Next, a first
order linear fit is performed and the data extrapolated to the range of proton





this time as a function of  from
a proton irradiation experiment. Finally, the slopes of the extrapolated data and
the proton irradiation data are subtracted from each other to yield K
E
. There-
fore, one needs both gamma and proton irradiations for the above computation.
According to the method outlined above, the displacement damage factor K(E;)
for the medium energy (63MeV) of chapter 3. The Messenger-Spratt equation [70],





and K(E;) as depicted in
Equation 41. Although the original work performed by Messenger et al, focused
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Table 7: Forward and Inverse Gamma Displacement Damage Factors for 120GHz













































on displacement damage effects of neutrons on Si and Ge, Equation. 41 has been
successfully used by others in the calculation of damage factors for neutrons,









The results of these calculations, for forward-mode degradation, are displayed











In the forward mode, the calculated K(E;) values are in the range of 10
 16
and
are about three orders of magnitude less than those calculated for 1
st
generation
50GHz SiGe HBTs [73] for 63MeV proton irradiation. Moreover, the 200GHz
devices exhibit a proton K(E;) that is an order of magnitude larger than that for
gamma, indicative of a larger proportion of displacement damage related effects
during proton exposure, as expected. Finally, as is observed in proton irradiation,
the gamma K(E;) for 200GHz SiGe HBTs is also an order of magnitude less than
that for 120GHz SiGe HBTs. These results are in agreement with the observed
transistor-level trends in forward-mode post-radiation J
B
and  degradation. The
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calculated inverse-mode gamma damage factors K(E;) are approximately that of
the corresponding forward mode values. The larger inverse-mode degradation
(compared to forward-mode) for gamma irradiation is consistent with observed
results for 50GHz SiGe HBTs as was seen in [74] with exactly the opposite effect
also seen for proton irradiation [74] which indicates that even in this new 3
rd




Device level metrics (such as J
B
) are observed to decrease when the device is
re-measured post radiation. Annealing trends for devices subject to displacement
damage are evident when the device is left at (i) room temperature (self-annealing),
(ii) after the perturbation of carrier densities (injection-annealing) or after being
subjected to elevated temperatures (thermal-annealing) [33]. Studies of neutron
irradiation experiments on bulk Si devices have resulted in the definition of short
term or transient annealing (complete within hours) and long term, more stable
anneals that occur over several days. Short term annealing phenomena has been
attributed to defect re-ordering immediately after an irradiation event, long-term
annealing is typically characterized via measurements at a fixed temperature as a
function of time (isothermal), or alternatively as a function of temperature for a
fixed time (isochronal) [33]. High temperature annealing experiments have been
performed on the 200GHz SiGe HBTs, the results of which are described in the
next section.
4.5.2 Isothermal Annealing in SiGe HBTs
Proton and gamma irradiated 200GHz SiGe HBTs were annealed at T
A
= 300C
for varying time steps t
a
using the AET Rapid Thermal Annealing system. The
chamber was first purged with 2sccm of N
2
for a total of two minutes. Next the
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Forward Mode 3rd Generation SiGe–HBT
AE = 0.12x4.0µm2








Figure 44: Reduction in the forward-mode post radiation base current leakage as
a function of anneal time at 300C.




) and the temperature ramped
to T
A
at a rate of 100C=min. The furnace was then held at the specified anneal
temperature T
A
= 300C for the anneal time t
a
. At the end of the anneal, the
high temperature lamps are switched off and the devices are left to cool. In
this regime there is an exponential decrease in temperature with time. Once the
temperature has gotten to 100C the devices are removed. The entire anneal is
performed at atmospheric pressure and in forming gas. Following the anneal,
samples were remeasured and then annealed again for another length of time at
the same temperature. It should be noted that these samples were annealed at
high temperature after a significant period of room temperature self annealing for
both proton (3months) and gamma (6months) annealing. It should be noted that
there is still considerable damage after room temperature annealing. The forward
and inverse mode gummel characteristics, measured as a function of annealing
time for post-radiation gamma irradiated samples, are depicted in Figures 44 and
Figures 45 respectively. The monotonic reduction in the post radiation J
B
as a
function of the annealing time is clearly evident and is indicative of an annealing
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Inverse Mode 3rd Generation SiGe–HBT
AE = 0.12x4.0µm2








Figure 45: Reduction in the inverse-mode post radiation base current leakage as
a function of anneal time at 300C.
of damage possibly caused by the migration of radiation induced trap states (E
T
)
from the midgap (E
G
=2) to more shallow levels.
The base current ratio for annealed and post-radiation samples are compared
for both proton and gamma irradiation for several device geometries. The forward
and inverse mode results are illustrated in Figures 46 and 47 respectively. In
the forward mode, the geometrical dependence is clearly evident. Devices with
larger A
E
have previously been shown to exhibit increased degradation due to an
increased perimeter for the Si=SiO
2
interface around the EB spacer. Figure 46
clearly shows that the largest A
E
has the lowest post-anneal base current ratio,
both for room temperature self anneal, and high temperature anneal increments.
Additionally, in the forward mode, proton irradiated device exhibit a greater
percentage decrease in the post-anneal base current ratio when compared to
gamma irradiated devices both annealed over the same time period. This can
possibly be explained by the fact that the proton irradiated devices have had
less time to self anneal, however, closer inspection of Figure 47 indicates that





























Figure 46: Ratio of the post-anneal base current to post-radiation base current in




























Figure 47: Ratio of the post-anneal base current to post-radiation base current in
the inverse mode for different annealing time steps at 300C
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expected and evident in Figure 47, in the inverse mode there is no functional
dependence of the device geometry on the radiation induced damage or the post-
anneal base current ratio. More importantly however, unlike the trends observed
in the forward mode, the annealing of the proton and gamma irradiated devices
exhibit very similar gradients when plotted as post-anneal base current ratio as a
function of time. This result, along with the others already outlined, indicate that
there is something different between the trap dynamics of proton and gamma
formed at the EB and STI oxides.
4.6 Summary
In this section, gamma-degradation of 200GHz SiGe HBTs has been presented. The
influence of technology scaling and device geometry on the observed response was
quantitatively assessed and comparisons were made to previously proton radiation
results. The 200GHz SiGe HBTs exhibited a significantly reduced forward-mode
peak  degradation and J
B
when compared to 120GHz SiGe HBTs. Similar trends
were observed for proton- and gamma-induced degradation. The inverse mode
gamma J
B
, however, is an order of magnitude higher than for protons. The cal-
culated proton displacement damage factors for the 200GHz SiGe HBTs are three
orders of magnitude less than those of their 50GHz counterparts, and one order of
magnitude less than that calculated for 200GHz devices under gamma irradiation.
Inverse-mode damage factors are approximately twice the forward-mode value for
gamma irradiation, but approximately the same for protons. These results are
consistent with those observed for 1
st
generation 50GHz SiGe HBTs. Additional
proton dose rate experiments performed to further probe these anomalies indi-
cate that a similar enhanced degradation at low proton dose rates is present. The




In this chapter, the contributions to the body of literature on radiation effects in
advanced bipolar devices will be outlined. Also, areas of interest for future study
will be discussed.
5.1 Topical Review
The purpose of this work was to investigate the proton and gamma tolerance
of advanced 3
rd
-generation 200GHz Silicon-Germanium Heterojunction Bipolar
Transistors (SiGe HBTs).
In chapter I, background information on SiGe HBTs was provided. The com-
mercial relevance of SiGe BiCMOS technology in the extra terrestrial telecommu-
nications industry was cited as the principal driving factor behind interest in its
radiation response. The fabrication techniques, and physical mechanisms behind
the device operation were described next. Finally an overview of the trends in
technology scaling over the past decade was described using industry examples
from IBM microelectronics.
Chapter II presented a fundamental description of the relevant aspects of
radiation physics as it applies to its interaction with semiconductor materials.
Radiation environments are described in terms of their nomenclature and particle
types, with particular emphasis on space radiation environments encountered by
satellites in orbit around the earth. Next, displacement damage mechanisms in
silicon and silicon-germanium are described. Ionization damage mechanisms in
semiconductors are also described with particular emphasis on photon and heavy
charge particle interaction with matter.
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The proton tolerance of 200GHz SiGe HBTs were described in chapter III. A com-
prehensive analysis of the effects of technology scaling on radiation-induced degra-
dation demonstrated that the novel raised-extrinsic base structures employed yield
emitter-base and collector-base junctions that are physically further removed from
the high trap density oxide interfaces yielding the defect more tolerant to high
levels of ionizing dose. As discovered in the previous technology generations,
negligible changes in the ac characteristics were observed. Process splits used to
produce high- and low-breakdown transistors were also investigated and it was
determined that the increased collector doping used in the low-breakdown devices
resulted in enhanced degradation when compared to the high-breakdown devices
with lower collector doping.
In chapter IV the gamma tolerance of 200GHz SiGe HBTs were investigated.
Comparisons gamma degradation for both 200GHz and 120GHz devices demon-
strated that the raised extrinsic base structure yields improved tolerance to ion-
izing radiation. Proton and gamma degradation comparisons revealed that in the
forward-mode devices were more susceptible to proton damage, however, in the
inverse-mode the devices were more susceptible to gamma damage. These anoma-
lous results were also discovered for 1
st
-generation SiGe HBTs and confirmed by
damage factor calculations. Additional experiments with different proton dose
rates were performed and used to support the theory that the vastly different
dose rates between the proton and gamma irradiation experiments may be the
cause of an underlying dose rate effect responsible for the observed results.
5.2 Future Direction
Several of the empirical results described in the work have been explained via
very plausible physical mechanisms based on literature reviews. In order to
facilitate a more complete understanding however, the observed results need
to be understood via an accurate quasi-3D device simulation. In particular the
differences in the response of the high- and low-breakdown to proton radiation,
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the variation in the observed response in the forward- and inverse-mode with the
emitter-spacer perimeter and shallow trench isolation perimeter respectively need
to be understood.
Additionally, in an effort to further understand the proton dose rate effects,
and the anomalous differences between the proton and gamma degradation in the
forward and inverse mode, additional gamma dose rate experiments are needed.
Finally, further understanding of the fundamental differences between the
displacement and ionization damage of these devices will be better understood
through a comparison of displacement-only particles (such as neutrons) with the
observed gamma degradation. From a hardness assurance perspective, protons
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